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Abstract

As a key element in the construction of complex organic scaffolds, the formation of C—C bonds
remains a challenge in the field of synthetic organic chemistry. Recent advancements in single-
electron chemistry have enabled new methods for the formation of various C-C bonds. Disclosed
herein is the development of a novel single-electron reduction of acyl azoliums for the formation
of ketones from carboxylic acids. Facile construction of the acyl azolium /n situ followed by a
radical-radical coupling was made possible using merged NHC-photoredox catalysis. The utility
of this protocol in synthesis was showcased in the late-stage functionalization of a variety of
pharmaceutical compounds. Preliminary investigations using chiral NHCs demonstrate that
enantioselectivity can be achieved, showcasing the advantages of this protocol over alternative
methodologies.
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The conversion of carboxylic acids to ketones using combined photoredox/NHC catalysis has been
developed. /n situ activation of a carboxylic acid followed by generation of an acyl azolium allows
for productive radical-radical coupling to afford ketones in good-to-excellent yields. This single-
electron, reductive alkylation was then applied in the late-stage functionalization of various
pharmaceutical compounds.
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N-heterocyclic carbenes (NHCs) have emerged as unique Lewis basic catalysts that harness
umpolung (polarity reversal) reactivity to mediate a wide range of organic transformations.
(1] The majority of NHC-catalyzed processes are initiated by carbene addition into a
carbonyl. Subsequent proton transfer affords the Breslow intermediate,[?] a species that is
nucleophilic at a typically electrophilic carbonyl carbon. While the utility of two-electron
NHC reactivity has continued to expand since the field’s inception, the scope of NHC-
derived operators is limited by their inability to engage sp? electrophiles, thus highlighting
the potential opportunity for single-electron NHC operators.

Early work from our group showcased a mild oxidation of allylic alcohols2P] and
aldehydesl3! to esters using an NHC and MnO, (Scheme 1A). Oxidation of the Breslow
intermediate with stoichiometric MnO, was employed to access an acyl azolium
intermediate, and subsequent displacement by an alcohol afforded the desired C-O bond.
Shortly thereafter, Studer and coworkers developed an NHC-catalyzed oxidation of
aldehydes to esters mediated by 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO; Scheme
1A).[41 To broaden the scope of substrates, Studer followed up in 2010 with a report
featuring 3,3’,5,5’-tetra- fert-butyldiphenoquinone as the stoichiometric oxidant in place of
TEMPO (Scheme 1A).51 While these NHC-catalyzed radical functionalizations have set the
precedent for a variety of other transformations,[®] the use of toxic and wasteful
stoichiometric oxidants has limited their overall utility in synthesis.[”]

To circumvent the need for stoichiometric oxidants, Boydston developed a direct NHC-
catalyzed anodic oxidation of aldehydes for the formation of esters in 2012 (Scheme 1B).[8!]
Similarly, Studer employed air as the terminal oxidant in a cooperative NHC- and metal
redox esterification of aldehydes (Scheme 1B).[91 While significant improvements in NHC-
catalyzed processes have been made over the past decade, the majority of these strategies are
confined to the formation of C—X bonds (X = O, N, etc.). In 2019, however, Ohmiya
reported an NHC-catalyzed decarboxylative alkylation of aldehydes using A-(acyloxy)-
phthalimide derivatives to afford ketones with quaternary-alpha centers (Scheme 1C).[10]
Single-electron transfer (SET) of the redox-active ester was induced by the Breslow
intermediate [E/, ~ —0.95 V vs. saturated calomel electrode (SCE)],[11] and subsequent
radical-radical coupling afforded the desired ketone. Following this initial report, similar
modes of reactivity have been developed for the synthesis of ketones.[12]

In line with our experience in oxidations of the Breslow intermediate and our growing
interest in photoredox catalysis,[*3] we envisioned an opportunity for the development of
novel reactivity at the interface of NHC catalysis and photochemistry. Our work in the field
of cooperative NHC catalysis in addition to the contributions by other groups[4! has resulted
in a variety of new transformations featuring the combination of NHCs with Lewis acids,[1°]
Bransted acids,[26] and transition metals.[!7] Similar tenets of cooperative catalysis have
recently been exploited in photoredox chemistry, where the combination of organocatalysts,
(18] |_ewis acids,[191 Bransted acids,[2%] and transition metalst2!] has enabled the expedient
construction of synthetically tractable molecules. A limited number of reports explore the
combination of NHC catalysis with photoredox catalysis.[22] As such, we aimed to further
bridge the existing gap between the fields of NHC catalysis and photocatalysis by leveraging

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Davies et al.

Page 3

their unique redox properties. Herein we report the facile synthesis of ketones from readily
available carboxylic acids via a combined photoredox-NHC catalyzed process.

We hypothesized that /n situ activation of a carboxylic acid followed by NHC addition
would afford an acyl azolium, which have been used extensively in NHC-redox acylations
for the preparation of esters, amides, and carboxylic acids.[!& 23] Single-electron reduction
of the resulting species would provide an azolium radical ion that, when coupled with an
alkyl radical, would furnish synthetically valuable ketones (Scheme 1D). Traditional
methods for accessing acyl radicals, which are functionally equivalent to achiral azolium
radicals, involve the use of aldehydes,[24] a-keto acids, 2] and others,[26] many of which
suffer from significant drawbacks (i.e. toxicity, instability, superstoichiometric additive
requirements, etc.). Additionally, carboxylic acids have recently gained attention for their
ability to generate acyl radicals via a decarboxylation-carbonylation strategy[2”] or pre-
functionalization with an activating agent (e.g. dimethyldicarbonate, 28] PR3, [29] etc,[30]),
However, carboxylic acid-derived acyl radicals have primarily been employed in Giese-type
additions to activated alkenes.[28] Limited reports describe the coupling of an acyl radical
with an alky! radical,[31] thus presenting an opportunity to explore and develop new
reactivity. As a complimentary approach to recent advancements in acyl radical chemistry,
the work described herein showcases the coupling of an alkyl radical derived from easily
prepared Hantzsch esters with an “acyl radical surrogate” accessed from readily available
carboxylic acids.

Our initial search for the desired reactivity was guided by semi-high-throughput
experimentation (HTE), which allowed for numerous reaction components to be screened in
parallel.[32] Semi-HTE enabled facile and rapid identification of the most optimal alky!
radical precursor for this transformation. While limited reactivity was achieved with alkyl
silanes, [33] silicates,[34] and potassium trifluoroborate salts (R-BF3K),[3%] significant
conversion was observed using Hantzsch esters[3¢! as the alkyl radical source. Hantzsch
esters have recently gained attention for their use as mild alkyl radical sources that are easily
prepared and generate inert byproducts.[371 Of the azolium radical precursors that were
screened, including perfluorophenyl esters and acyl chlorides, acyl imidazoles performed the
best (only trace products were observed with acid halides). Reaction optimization thus
ensued using phenyl acyl imidazole (1a) and benzyl Hantzsch ester (Bn-HE, 2a; Eq/, =
+1.00 V 15 SCE)[38] as radical coupling partners, PC-1 as the photocatalyst,
dimethytriazolium (Az-1) as the NHC precursor, and cesium carbonate as the base in THF
(Table 1).

A brief survey of photocatalysts, azolium catalysts, bases, and solvents allowed for
identification of optimal reaction conditions. Due to its broad potential range (Eqjo Ir'!"/1r!! -
Eqpo If/1r1 = +1.21 - —1.37 V vs SCE),[3% iridium catalyst PC-1 was found to be the best
photocatalyst. The use of strongly reducing catalysts (PC-2: Eqp It!/Iet - Eqjp 1r1171) =
+0.31 - —2.10 V vs SCE) or strongly oxidizing catalysts (PC-3: E1j PC*/PC~ - E1s»
PC/PC~ = +2.17 - -0.50 V vs SCE)[4! resulted in lower yields, presumably because the
photocatalysts were unable to perform both redox events efficiently (Table 1, entries 1-3). It
should be noted that 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN), an easily-
accessible organophotocatalyst, afforded 3a with a slightly diminished yield compared to
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PC-1, thus offering a cost-effective alternative (see Supporting Information). Examination of
different NHC precursors revealed Az-1 to be the only azolium catalyst to efficiently afford
the desired ketone via the phenyl acyl azolium intermediate (E1» =-1.29 V vsSCE; see
Supporting Information), with all other NHC precursors having at least a three-fold decrease
in reactivity (Table 1, entries 4-7). Moreover, only cesium bases allowed for significant
conversion to product, with cesium carbonate being the most suitable base; all other bases
screened showed less than a 10% GC yield (Table 1, entries 8-10). Finally, a brief solvent
screen revealed acetonitrile to be the best solvent, providing a ten percent increase in yield
compared to THF (Table 1, entries 11-13).

With these optimized reaction conditions, the scope of acyl imidazoles amenable to
alkylation was surveyed (Table 2). A variety of electron-withdrawing and electron-donating
substituents were tolerated on aryl acyl imidazoles. Methyl-substituted aryl ketones (3b-c)
were isolated in good-to-high yields, and halogenated aryl acyl imidazoles afforded the
desired ketones (3d-f) in good yields. Of note, alkylation of ester-substituted acyl imidazole
to afford 3g occurred in good yield, showing tolerance to functional groups that traditional
methods for ketone formation (e.g. Grignard reaction) may affect.

Conversion of heteroaromatic substrates, such as 4-pyridinyl acyl imidazole and indole acyl
imidazole, to the respective ketones (3h-i) was accomplished in good yields. Products
containing pi systems (3j-k) as well as sterically-encumbering substituents (3I) were also
synthesized using this method. Notably, the reaction with aliphatic substrates was achieved
in modest yields (3m-p). Potentially due to the instability of aliphatic azolium radicals,
methods featuring similar modes of NHC-mediated reactivity that have been developed to
date have been unsuccessful when applied to aliphatic substrates.[10. 12a]

A variety of Hantzsch esters were also successfully employed for the conversion of phenyl
acyl imidazole (1a) to an array of ketones (Table 3). Substituted benzyl Hantzsch esters
bearing electron-withdrawing and electron-donating groups, including halogenated and
methoxy substituents, were tolerant of the reaction conditions (3g-3t). Moreover, cyclohexyl
Hantzsch ester productively served as an alkyl radical precursor, suggesting that the use of
non-benzylic alkyl radicals for the formation of aliphatic ketones is possible (3u). Various
Meyer nitrilel42] derivatives were also examined as alky! radical precursors and allowed for
the synthesis of ketones containing a-tertiary (3v-3w) and a-quaternary centers (3x-3y).

The successful formation of product 3v presented an opportunity to explore controlling
enantioselectivity using chiral NHCs. When Az-6 was employed instead of Az-1, modest
enantioselectivity was observed (Scheme 2). To the best of our knowledge, this preliminary
result is a novel enantioselective acyl-like radical-radical coupling for the formation of
ketones bearing an a-stereogenic center, thus differentiating this work from other acyl
radical processes.[24¢: 26, 31, 43] Efforts to increase the selectivity and scope of this process
are currently underway.

To demonstrate the ease and practicality of this method, the standard reaction to make
deoxybenzoin (3a) was performed starting from benzoic acid (Table 4). /n situ generation of
phenyl acyl imidazole using carbonyldiimidazole (CDI) was confirmed by gas
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chromatography-mass spectrometry (GC-MS) and subsequent subjection to the reaction
conditions furnished 3a in 65% yield (compared to 63% when starting from phenyl acyl
imidazole). To further evaluate the utility of this transformation, the reaction conditions were
then employed for the late-stage functionalization (LSF) of various pharmaceutical
compounds. As a critical component of many medicinal chemistry campaigns or total
syntheses, LSF allows for the incorporation of important functional groups in the final steps
of a synthesis, thus creating the need for efficient methodologies.[44] When the in situ
reaction conditions were applied to the LSF of telmisartan, a carboxylic acid-containing
drug used for the treatment of hypertension, 43! the desired ketone product (4a) was isolated
in 91% yield. This direct, one-step alkylation was applied to various other pharmaceutical
compounds to afford ketone products (4b-c) in moderate-to-good yields (Table 4).

To probe the mechanism of this reaction, control reactions and radical-trapping experiments
were performed. No product was observed in the absence of base, azolium catalyst,
photocatalyst, or light, suggesting that an NHC-mediated and photoredox-catalyzed process
occurs (Table 1, entries 14-17). Additionally, the reaction did not proceed under standard
conditions using TEMPO as a radical trap. Only the TEMPO-benzyl mass adduct was
observed by ultra-performance liquid chromatography-mass spectrometry (UPLC-MS), thus
confirming a radical mechanism and suggesting that the Hantzsch ester is oxidized prior to
reduction of the acyl azolium (Scheme 3A). Moreover, the potentials of PC-1 (E1jp Ir'"™/IrV
-Eqpp IV = —0.89 - 1.69 V v SCE) do not support reduction of the acyl azolium prior
to oxidation of the Hantzsch ester, as the reduction potential of the acyl azolium is outside
the range of the photocatalyst. It is also reasonable to assert that Hanztsch ester oxidation
occurs first due to the limited amount of acyl azolium present at a given time relative to
superstoichiometric Hantzsch ester.

Our proposed reaction pathway involves initial oxidation of the Hantzsch ester to the radical
cation by the photoexcited photocatalyst (Ir'!'*). Fragmentation of the Hantzsch ester affords
the benzyl radical, and single-electron reduction of the acyl triazolium provides the azolium
radical while regenerating the ground-state photocatalyst (Ir'"). Loss of the NHC and
radical-radical combination affords the desired ketone (Scheme 3B). The recent mechanistic
studies of Breslow intermediates and acyl azoliums reported by Bertrand and Martin suggest
that definitive evidence of radical intermediates in thermal NHC-catalyzed processes does
not exist.l46] In contrast, this NHC-mediated reaction is conducted under photochemical
conditions. Moreover, the observed enantioselectivity (vide supra) provides additional
evidence that an NHC-bound radical species is most likely involved in this process.

In summary, we have developed a reductive single-electron alkylation of acyl azoliums to
form ketones from carboxylic acids. Activation of readily available carboxylic acids with
CDI followed by addition of the NHC catalyst produces the acyl azolium intermediate in
situ. This combined NHC and photoredox catalysis enabled a one-electron reduction of the
acyl azolium, and subsequent radical-radical combination allowed for the facile construction
of a C—C bond to furnish a ketone. The utility of this method in synthesis was showcased in
the direct, one-step late-stage functionalization of pharmaceutical compounds. Importantly,
preliminary results using a chiral NHC demonstrated that enantioselectivity is possible using
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this process, thus highlighting the potential advantage of using acyl azolium radicals in acyl
radical transformations.
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A. Stoichiometric oxidative esterification

Me o o ll\lle
X R'OH (0]
R)\( )J\r/ N\(;)\l 0] Jk
N—7 R™ “oR!
Me
Bres/ow
intermediate asylazolium

Scheidt, 2008: MinO,  Studer, 2008: TEMPO  Studer, 2010: quinone

B. Catalytic esterification

o] Ru_ o]
RJ\H R'OH RJJ\OR1
Boydston, 2012: electrochemistry Studer, 2013: metal redox

C. Decarboxylative alkylation

Ohmiya, 2019: SET by redox-active ester

D. Acyl azolium alkylation (this work)

2 col o
1
R)J\OH RK/R
carboxylic acid ketone
- easily accessible - ubiquitous functional group
- inexpensive - convergent
- functional group handle - late-stage functionalization

Can combined NHC-photoredox catalysis allow for reductive 1 e~
alkylations?

O@ II\/|e
(©)
N®
v fp P
~ T /> . R
Me/ N

Scheme 1.

Oxidations of the Breslow intermediate and expansion to one-electron reduction of acyl

azoliums
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Meor™  Az-6 (15 mol %) o

E £ CSQCO3 (15 mol o/o)
1a + > Ph)H/Ph
| PC-1 (1 mol %) *
Me” >N~ “Mme 467 nm LEDs Me
H CH3CN,5°C  3v, 66:34 er

Scheme 2.
Enantioselective reaction with a chiral NHC.
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A Ph
(0] ko
/U\ A standard conditions Me rll Me
Pl “{\\/N + TEMPO MeUMe
m/z = 247
B CDI B o n
0 NHC O oMe e 0" Me
L Cs,CO; )J\I(NGD )KVN %{rN@
Ph = Ph - <> Ph =
Ph” SOH TN /> ) />
imidazole oN=N oN=N N=N
Me . Me ( Me B
™ SET < 8*%
Y,
Ir Ir I\
H-Pyr
e E Photoredox NHC
§r)=— Tl o

Me ” Me SET

}\ I
m in situ formation of Ph Ir
“acyl radical surrogate”

m 1 e~ oxidation of Bn-HE =
m 1 €~ reduction of acyl | |
azolium Me ” Me

Scheme 3.
Mechanistic studies and proposed mechanism
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Optimization of reaction conditions®

Table

1.

)j\ Az-1 (15 mol %), Cs;CO3 (15 mol %)
Ph N

o]

Bn-HE (2a,1.5 equiv)

o]

)k/Ph
Ph

N PC-1 (1 mol %)
1a = THF (0.1 M), 467 nm LEDs, 16 h 3a
entry deviation from standard GC yidld (%)ab
1 none 63
2 PC-2 instead of PC-1 11
3 PC-3instead of PC-1 0
4 Az-2instead of Az-1 14
5 Az-3instead of Az-1 0
6 Az-4 instead of Az-1 0
7 Az-5instead of Az-1 11
8 CsOAc instead of Cs,CO3 38
9 K,COj3 instead of Cs,CO3 8
10 Li,COj3 instead of Cs,CO3 0
11 CH3CN instead of THF 72
12 CH,Cl, instead of THF 41
13 DMF instead of THF 65
14 no light 0
15 no photocatalyst 0
16 no Az 0
17 no base 0
Me Me Me Me / \
\ \ \ \ Me
|@G-)N |9®N IG)@)N IG)@N N
S <3 e Q)
N N N ] Me o ®N
/ ! / cl |
Me Me Me Mes
Az-1 Az-2 Az-3 Az-4 Az-5

[Ir(dFCF3ppy)o(dtbpy)]PFe
(PC-1)

fac-Ir(ppy)s
(PC-2)

Ph-Mes-Acr
(PC-3)

aGas chromatography (GC) yield is based on a calibration curve using 1,3,5-trimethoxybenzene as the internal standard.

bReaction conditions: 1a (0.10 mmol), Bn—HE 2a (0.15 mmol), Az (0.015 mmol), base (0.015 mmol), PC (1 umol), solvent (0.1 M; THF,

tetrahydrofuran; DMF, dimethyformamide) for 16 h.
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Table 2.

Acyl imidazole-derived substrate scope'arb

Al
0 ' Az-1 (15 mol %)
s E10,C co,Et Cs5C0; (15mol %) O
~a +
T L PC-1 (1 mol %) N
N
H
2 3
(o]

Me Me CH5CN (0.1 M)

1 467 nm LEDs, 16 h

0] o]
Me

Ph

%

3a, 63% 3b, 80% 3c, 65%
o] [e) 0
F Cl
3d, 76% 3e, 60% 3f, 76%
o o)
Ph o
N Ph Ph
MeO | |
NZ HN
o]
34, 63% 3h, 69% 3i, 50%
O 0
MO /\0
3j, 69% 3k, 52%
o] o o
Ph Ph /\')‘I\/Pn
Ph
O Boch NHBoc
31, 62% 3m, 41% 3n, 40%
o]
" /\.j\/
e Ph
30, 47% 3p, 40%

a A . . .
See supporting information for reaction details.
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Table 3.
Hantzsch ester-derived substrate scopea’b
0 Az-1 (15 mol %) 0
R 082003 (1 5 mol cyo) R
Ar NNt = Ar
\Q/N PC-1 (1 mol %) DR
Me  CH;CN (0.1 M) R
467 nm LEDs, 16 h
1 3
OMe OMe F
Ph 4-OMe-Ph Ph
3q, 64%° 3r, 58%° 3s, 66%°
5 cl 0 o) o)
Ph Ph
Ph Me Ph
3t, 76%° 3u, 50%° 3v, 76%° 3w, 65%9¢
@] @)
Ph Ph
Me Me
Me Me
3x, 50%%€ 3y, 35%¢
aSee supporting information for reaction details.
blsolated yield.
R = cogEL.
%R=cn.

€4-C2-IPN instead of PC-1.
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Table 4.

One-step direct alkylation of pharmaceutically relevant compounds from carboxylic acids™®”

R™ NN : —
R oH 2h \\/NJ reaction conditions

5 ool f W@QJ\/

R = Ph (3a), 65%

fate—srage functionalization

e Micardis
(telmisartan)
derivative

Q Q 4a, 91%

Ph

o

Me

Prandin

i~ (repaglinide)
i N 0 Me derivative

4b, 52%

dehydrocholic
acid derivative

4c, 41%

Page 15

aReaction conditions: carboxylic acid component (0.10 mmol), Bn-HE 2a (0.15 mmol), Az-1 (0.015 mmol), Cs2CO3 (0.015 mmol), PC-1 (1

umol), CH3CN (0.1 M) for 36 h.

blsolated yield.
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